Some ciliostatic components ofcigarette smoke were studied as inhibitors of in vitro chemotaxis of human polymorphonuclear leukocytes (PMNs). In comparison to their concentration in an inhibitory level of cigarette smoke, the unsaturated aldehydes acrolein and crotonaldehyde were the most potent inhibitors, whereas nicotine, cyanide, acetaldehyde, and furfural were the next strongest inhibitors. In contrast, sulfide, propionaldehyde, butyraldehyde, and the phenols (phenol and o-, m-, and p-cresol) were relatively weak inhibitors of PMN chemotaxis. Acrolein and crotonaldehyde mimicked whole cigarette smoke in their effects on PMNs by not causing loss of PMN viability, yet their effects were prevented by the addition of cysteine. On the other hand, addition of nicotine, cyanide, acetaldehyde, and furfural to PMN suspensions resulted in a limited loss of cellular viabilities, and their effects on PMNs were not prevented by cysteine. Of the tested components, only cyanide significantly altered PMN glucose metabolism by increasing carbon flow via the glycolytic and hexose monophosphate pathways in a manner similar to that observed with whole cigarette smoke. The results of this study suggest that the unsaturated aldehydes, including acrolein and crotonaldehyde, are major contributors to the inhibitory properties of cigarette smoke. The inhibitory effects of these unsaturated aldehydes are probably due to a direct interaction of these oxidants and/or thiol-alkylating agents with PMNs, yet the glucose metabolism of these cells is unaffected. One interpretation of these data is that PMN chemotaxis is dependent upon particular cellular proteins containing one or more essential thiol group(s) but that these proteins are unrelated to glucose metabolism.
The function of human polymorphonuclear leukocytes (PMNs) is severely affected by cigarette smoke both in vivo and in vitro. The motility and oxygen consumption of human oral PMNs from smokers were inhibited as compared to oral PMNs from nonsmokers (14) . Also, the chemotaxis of peripheral blood leukocytes has been shown to be depressed in subjects who smoke as compared either to the same subjets abstaining from smoking or to nonsmokers (23) .
In a more recent study (10) , the water-soluble fraction of cigarette smoke, whole tobacco smoke, and the gas phase of smoke were shown to be potent inhibitors of in vitro PMN chemotaxis. Whole smoke was more inhibitory than gas phase, suggesting the possibility that the inhibitory components of smoke were associated with both the particulate and gas phase fractions. However, none of the tested tobacco smoke products at concentrations inhibitory to chemotaxis were found to have a cytotoxic effect on PMNs, as measured by trypan blue exclusion or enzyme (i.e., lactic acid dehydrogenase [LDH] or ,8-glucuronidase) release. Furthermore, these tobacco smoke products did not inhibit glucose metabolism in PMNs, but rather increased (twofold) glucose catabolism via both the glycolytic and hexose monophosphate pathways. Finally, cysteine was shown to afford complete protection against the inhibition of PMN chemotaxis by the water-soluble fraction but only partial protection against the inhibitory effects of whole smoke and the gas phase of smoke.
In the present study, we have tested components of cigarette smoke previously shown to cause cilia toxicity (26) for their ability to inhibit PMN chemotaxis. The aim of this study was to determine which of these components was most deleterious to PMN function.
MATERIALS AND METHODS Isolation of PMNs. PMNs were isolated from peripheral blood of nonsmoking, healthy, male volunteers who were fasted at least 12 h before venipunc-240 on October 26, 2017 by guest http://iai.asm.org/ Downloaded from ture. PMNs were separated from lym-iphocytes and erythrocytes by dextran sedimentation of heparinized whole blood (11) , Hypaque-Ficoll gradient centrifugation (9) , and hypotonic saline lysis of residual erythrocytes (11) . PMNs were resuspended in Gey medium containing 2% bovine serum albumin and bicarbonate to give 3 x 106 PMNs per ml. This procedure produced PMN populations of greater than 98% purity with greater than 98% viability as measured by trypan blue exclusion (25) .
Pure substances of cigarette smoke. The compound to be tested was dissolved in Gey medium (100 AD) or dimethyl sulfoxide (10 ,lI) and added to PMN suspensions (1 ml), each in amounts to give the final concentrations indicated. An equivalent amount of solvent was added to control PMN suspensions. These solutions were freshly prepared on the day of the experiment, and the pH of the compounds prepared in Gey medium was adjusted to 7.4, if necessary. Dimethyl sulfoxide was an acceptable solvent for some compounds, since it did not affect in vitro PMN chemotaxis, confirming the previous observation of Borel (6) .
Cigarette smoke components were added to PMN suspensions in final concentrations that were previously shown to result in cilia toxicity (26) . If this concentration of agent was found either not to affect or to inhibit PMN chemotaxis, the concentration of agent was then increased or decreased in 10-fold increments, respectively. In this manner, the range of agent concentration necessary to produce PMN chemotaxis inhibition was approximated. From these data, components for further study were selected on the basis of their relative concentration in tobacco smoke as compared to the concentration inhibitory to chemotaxis and their limited cytotoxic effects on PMNs. With the demonstration of minimal cytotoxic effects, the effects of each component on PMN glucose metabolism were then studied. Finally, cysteine was tested as a protective agent against the inhibitory action of each of these select components, since cysteine should provide at least some protection against the inhibitory effects of these components, if indeed they mimic the effects of whole tobacco smoke (10) .
Chemotaxis assay. Chemotaxis experiments were done using a modified Boyden chamber (8) In experiments testing the protection of cysteine against inhibition of PMN chemotaxis, cysteine (final concentration, 10 mM) was added prior to the addition of the cigarette smoke constituent.
Effects of cigarette smoke components on PMN integrity. The test agents, at concentrations inhibitory to in vitro PMN chemotaxis, were incubated with PMN suspension (3 x 10" cells per ml) in Gey medium for 2 h at 37°C. The viability of the treated PMN was measured by the exclusion of trypan blue dye, as previously described (25) . The number of PMNs per milliliter of suspension was also quantitated in the treated cellular suspensions to insure that there were no cellular losses. The PMNs were removed from the remaining suspension by centrifugation, and the cell-free supernatants, collected by decantation, were analyzed for LDH (EC 1.1.1.27) and /3-glucuronidase (EC 3.2.1.31) activities.
As suitable controls, PMNs in an equivalent suspension (3 x 106 PMNs per ml) in Gey medium were disrupted by treatment with a Branson Sonifier (W140) at maximal voltage output for two 30-s bursts. After centrifugation, the supernatants from the disrupted cell suspension were collected by decantation and incubated in the presence and absence of test agents for 2 h at 37°C. The treated and untreated supernatants were analyzed for LDH and 1-glucuronidase activities. LDH activity of the supernatant in the absence of test agent was taken as an index of complete cellular lysis. Since the f8-glucuronidase activity of these supernatants represented a constant proportion (65%) of the total 83-glucuronidase activity of these cells, as obtained by sonic treatment in the presence of Triton X-100 (Packard Instrument Co., Inc., Downers Grove, Ill.), this enzyme activity was used as an index of lysosomal enzyme release. Furthermore, these data indicated the effects of the test agents on these enzymatic activities.
The assay for LDH activity was done as previously described (5) . The oxidation of reduced nicotinamide adenine dinucleotide was followed continuously at 340 nm using a Unicam SP 1700 ultraviolet spectrophotometer equipped with a Unicam AR 25 linear recorder. A unit of LDH activity is defined as the amount of enzyme required to catalyze the oxidation of 1 gmol of nicotinamide adenine dinucleotide per min.
,B-Glucuronidase activity was measured as previously described (15 Glucose metabolic studies. Glucose metabolism of PMNs in the presence and absence of cigarette smoke constituents was studied by the previously described methods (10) . Cigarette smoke constituents in 0.3 ml of Gey medium were added to cellular VOL. 16, 1977 Effect of cigarette smoke constituents on PMN chemotaxis. Figure 1 shows the effects of various concentrations of cyanide, sulfide, nicotine, crotonaldehyde (2-butenal), and acrolein (2-propenal) on PMN chemotaxis. The addition of increasing concentrations of these components caused a progressive suppression of PMN chemotaxis. As indicated by the standard errors, a high degree of variability in the results was generally obtained with concentrations of agent yielding less than 50% suppression of chemotaxis.
The concentrations of cyanide, sulfide, nicotine, crotonaldehyde, and acrolein required to reduce the chemotactic responsiveness to 50% of control levels was approximately 3.5 mM, 6.5 mM, 3.5 mM, 40 uM, and 15 AM, respectively.
Thus, among these components, the unsaturated aldehydes (i.e., acrolein and crotonaldehyde) were the most potent inhibitors of PMN chemotaxis. For comparative purposes, the effects of other aldehydes of cigarette smoke are given in Table 2 . These saturated aldehydes (i.e., acetaldehyde, propionaldehyde, and butyraldehyde) were shown to be much less effective inhibitors of in vitro PMN chemotaxis than the corresponding unsaturated analogues.
Comparison of the concentrations of these compounds necessary to inhibit chemotaxis with their respective concentrations in an inhibitory level of whole tobacco smoke was not favorable, making complete dose-response curves for these components unnecessary. The concentrations of the saturated aldehydes (i.e., propionaldehyde and butyraldehyde) necessary to inhibit PMN chemotaxis were at least 200-fold greater than the concentrations of their respective unsaturated analogues (i.e., acrolein and crotonaldehyde). Furfural (2-furaldehyde) was also shown (Table 4 ). Of the agents tested, only cyanide caused a significant increase in glucose utilization, lactic acid production, and hexose monophosphate activity. Nicotine, sulfide, and the aldehydes (i.e., acetaldehyde, acrolein, propionaldehyde, butyraldehyde, and furfural) caused no significant change in any of these metabolic parameters, as compared to controls. Cysteine protection against inhibitory action of cigarette smoke constituents. Cysteine (10 mM) was tested as a protector of PMN chemotaxis against inhibitory concentrations for each of the tested components. PMN chemotaxis was not significantly altered from controls and their effects on PMN chemotaxis. From the data derived from this previous study (10) , criteria were established for the selection of the constituent (or class of constituents) contributing most to the inhibitory effects of whole cigarette smoke. The criteria were established without consideration of additive, synergistic, or antagonistic effects that may occur with mixtures of cigarette smoke constituents. These criteria are as follows: (i) the concentration of constituent found to be inhibitory to chemotaxis should closely approximate its concentration in an inhibitory level of whole cigarette smoke; (ii) the constituent at a concentration inhibitory to PMN chemotaxis should not affect PMN integrity, if the effects of the constituent mimic those of whole cigarette smoke; and (iii) the inhibition of PMN chemotaxis by a particular component should be at least partially prevented by cysteine, since cysteine protected against cigarette smoke inhibition of PMN chemotaxis (10) . Moreover, the effects of each constituent on PMN glucose metabolism were studied to deternine if there was any correla-VOL. 16, 1977 (10) and the agent(s) responsible for chemotaxis inhibition.
The inhibition of PMN chemotaxis by the components tested in this study was probably a result of the direct interaction with the cells, since each of the components was shown to inhibit both the random (data not shown) and directional (chemotaxis) migration of these cells. Moreover, cigarette smoke components were shown not to affect the chemotactic agent. Activated, autologous serum, treated with inhibitory concentrations of cigarette smoke components and subsequently dialyzed, was shown to be as effective a chemotactic stimulus as untreated, activated serum (data not shown).
A comparison ofthe concentration of a particular constituent in an inhibitory level of cigarette smoke with that found to suppress chemotaxis to 10% of the control value is shown in Table 5 . This comparison is based upon the known concentrations of these constituents in cigarette smoke (4, 21, 22) and the observation that 35 ml of whole cigarette smoke suppressed PMN chemotaxis to 10% of the control level (10) . No single agent, at a concentration equivalent to that found in 35 ml of whole cigarette smoke, was found to suppress PMN chemotaxis to 10% of the control level. However, the inhibitory concentrations of the unsaturated aldehydes containing a conjugated double bond (i.e., acrolein and crotonaldehyde) compared ' Sulfide and cyanide were added as the sodium and potassium salts, respectively.
INFECT. IMMUN. more favorably with their concentration in 35 ml of whole tobacco smoke than did the concentrations of the other components tested. In comparison to these unsaturated aldehydes, the corresponding saturated, aliphatic aldehydes (i.e., propionaldehyde and butyraldehyde) were much less effective as inhibitors of PMN chemotaxis. A greater toxicity of the unsaturated aldehydes relative to their saturated analogues has been similarly described using cultured ascites sarcoma cells (24) .
The low concentrations of acrolein and crotonaldehyde necessary to inhibit PMN chemotaxis did not cause a detectable loss of PMN integrity, and their effects were prevented by the prior addition of cysteine. Thus, these data suggest that the inhibitory properties of cigarette smoke may be largely attributable to these unsaturated aldehydes, since they mimicked whole cigarette smoke in their effects on PMN and were inhibitory at low concentrations. Furthermore, the protective action ofcysteine against the inhibitory effects of acrolein and crotonaldehyde suggests that these components inhibit chemotaxis by their action as oxidants and/or thiol-reactive substances. Acrolein and crotonaldehyde have been described as thiol-alkylating agents (13) . A similar thiolalkylating agent, iodoacetate, was previously shown to inhibit PMN chemotaxis, presumably by inhibiting glucose metabolism (17) . Since the inhibition of PMN chemotaxis by acrolein and crotonaldehyde occurs without affecting glucose metabolism, these data might suggest that PMN chemotaxis is dependent upon particular cellular proteins containing one or more essential thiol group(s) but unrelated to glucose metabolism. The particular protein(s) affected and its function in the chemotactic process are yet to be determined. The proteins affected may be involved with microtubule or microfilament formation, since the formation of these contractile elements has been associated with PMN chemotaxis (2, 7, 16) .
The more limited protection by cysteine against the inhibitory effects of whole tobacco smoke (10) suggests that thiol deactivation is not exclusively responsible for the overall inhibition by whole smoke. Thus, other constituents of cigarette smoke must be considered as potential inhibitors, acting by a mechanism other than sulfhydryl inactivation. In this context, the comparison of inhibitory concentrations of nicotine, cyanide, acetaldehyde, and furfural with their concentration in an inhibitory level of cigarette smoke suggests that these components may contribute to the total inhibitory capacity ofcigarette smoke. Further, cysteine (10 mM) did not protect PMNs from on October 26, 2017 by guest http://iai.asm.org/ Downloaded from the deleterious effects of these compounds. However, the relatively high concentrations of these compounds necessary for chemotaxis inhibition and the corresponding loss in cellular viabilities may suggest that the observed effects are at least partially due to cytotoxicity.
Of the constituents tested, cyanide deserves special consideration, since only cyanide significantly affected PMN glucose metabolism. Cyanide at a concentration inhibitory to chemotaxis stimulated glycolysis (twofold) and hexose monophosphate activity (fourfold). Thus, cyanide in cigarette smoke may be at least partially responsible for the metabolic stimulation observed after exposure of PMNs to whole smoke, gas phase of smoke, or water-soluble fraction (10) . The mechanism whereby cyanide stimulates PMN glucose metabolism via glycolysis is yet to be determined. However, cyanide (1 mM) has previously been shown to stimulate (55%) the release of 14CO2 from [1-_4C] glucose by normal leukocytes (19) . The cyanide stimulation of glucose Cl oxidation was attributed, at least partially, to an inhibition of myeloperoxidase, since cyanide had a much less dramatic effect on glucose Cl oxidation by myeloperoxidase-deficient leukocytes (19) . It is unlikely that cyanide affects PMN glucose metabolism by inhibiting oxidative metabolism, since PMNs do not appreciably utilize these oxidative pathways for energy generation. Paranthetically, the observed inhibition of PMN chemotaxis by cyanide (10 mM) is consistent with the observations of Delaunay et al. (12) but is in contrast with those of Lotz and Harris (20) . These discrepancies are probably attributable to differences in the methods used to measure chemotaxis.
Finally, sulfide, propionaldehyde, butyraldehyde, and the phenols can probably be considered the least effective inhibitors ofPMN chemotaxis in relation to the other, tested components of cigarette smoke. Inhibition of chemotaxis by these compounds occurred only at relatively high concentrations, which also resulted in dramatic decreases in cellular viabilities.
Thus, the chemotaxis of human PMNs has been shown in this study as well as the previous study (10) to be a particularly sensitive bioassay system for the deleterious agents of cigarette smoke. The approach used in the present study was to assess particular components of cigarette smoke and their effects on PMN chemotaxis. The rationale for this approach was that the ultimate effects of complex mixtures (whole cigarette smoke) might be better understood by a study of the effects of individual components. The study of individual components could, for example, lead to a better understanding of the distinct biochemical cell functions of PMNs that are altered by particular cigarette smoke constituents.
